Phenolic metabolites in the resistance of northern forest trees to pathogens — past experiences and future prospects by Witzell, Johanna & Martín, Juan A.
REVIEW / SYNTHE `SE
Phenolic metabolites in the resistance of northern
forest trees to pathogens — past experiences and
future prospects
Johanna Witzell and Juan A. Martı ´n
Abstract: Phenolic metabolites are frequently implicated in chemical defense mechanisms against pathogens in woody
plants. However, tree breeding programmes for resistance to pathogens and practical tree-protection applications based on
these compounds seem to be scarce. To identify gaps in our current knowledge of this subject, we explored some of the
recent literature on the involvement of phenolic metabolites in the resistance of northern forest trees (Pinus, Picea, Betula,
Populus, and Salix spp.) to pathogens. Although it is evident that the phenolic metabolism of trees is often activated by
pathogen attacks, few studies have convincingly established that this induction is due to a specific defense response that is
capable of stopping the invading pathogen. The role of constitutive phenolics in the resistance of trees to pathogens has
also remained unclear. In future studies, the importance of phenolics in oxidative stress, cell homeostasis and tolerance,
and the spatial and temporal localization of phenolics in relation to invading pathogens should be more carefully acknowl-
edged. Possibilities for future studies using advanced methods (e.g., metabolic profiling, confocal laser scanning micro-
scopy, and use of modified tree genotypes) are discussed.
Re ´sume ´ : Les me ´tabolites phe ´noliques sont souvent implique ´s dans les me ´canismes de de ´fense chimiques contre les agents
pathoge `nes chez les plantes ligneuses. Cependant, il semble y avoir peu de programmes d’ame ´lioration des arbres pour la
re ´sistance aux agents pathoge `nes ou de mesures pratiques de protection des arbres qui sont base ´s sur ces compose ´s. Dans
le but d’identifier les lacunes dans nos connaissances actuelles sur ce sujet, nous avons explore ´ une partie de la litte ´rature
re ´cente traitant du ro ˆle des me ´tabolites phe ´noliques dans la re ´sistance des espe `ces forestie `res nordiques (Pinus, Picea, Be-
tula, Populus et Salix spp.) aux agents pathoge `nes. Bien qu’il soit e ´vident que le me ´tabolisme des compose ´s phe ´noliques
chez les arbres est souvent de ´clenche ´ par les attaques des agents pathoge `nes, il a rarement e ´te ´ e ´tabli de fac ¸on convaincante
que cette induction est due a ` une re ´action de de ´fense spe ´cifique capable d’enrayer l’invasion de l’agent pathoge `ne. De
plus, on n’est toujours pas certain du ro ˆle que jouent les compose ´s phe ´noliques constitutifs dans la re ´sistance des arbres
face aux agents pathoge `nes. Dans les e ´tudes ulte ´rieures, on devrait accorder plus d’attention a ` l’importance des compose ´s
phe ´noliques en lien avec le stress oxydatif, l’home ´ostasie et la tole ´rance des cellules ainsi qu’a ` la localisation spatiale et
temporelle des compose ´s phe ´noliques en relation avec l’invasion des agents pathoge `nes. La discussion porte sur la possibi-
lite ´ que les e ´tudes futures utilisent des me ´thodes de pointes telles que le profilage me ´tabolique, le microscope confocal a `
balayage laser et aient recours a ` des arbres dont le ge ´notype a e ´te ´ modifie ´.
[Traduit par la Re ´daction]
Introduction
The chemical quality of plants is an important determi-
nant of their resistance to natural enemies. In this context,
the most intensively studied phytochemicals are the so-
called secondary metabolites, including phenolics. Phenolic
metabolites have frequently been linked to defense mecha-
nisms of plants against natural enemies, such as pathogenic
fungi (Hammerschmidt 2005). Most convincing evidence
supporting the antifungal functions of phenolics originates
from studies with herbaceous plants, such as tobacco, for
which advanced molecular methods have long been avail-
able (Maher et al. 1994). In woody plants phenolics have
been studied as markers for resistance to pathogens. Never-
theless, tree breeding programmes for resistance to patho-
gens and practical tree-protection applications based on
these compounds seem to be scarce. In recent years, molec-
ular techniques have become increasingly applicable to
woody plants (Pen ˜a and Se ´guin 2001; Jansson and Douglas
2007). These molecular techniques, together with the in-
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(e.g., metabolic profiling approach; Fiehn 2002), have
opened up completely new prospects for tree–pathogen stud-
ies. Thus, the research concerning the role of phenolics in
tree–pathogen interactions has entered a new era. At this
stage, it is valuable to summarize the knowledge acquired
from studies done with traditional approaches. Here, we re-
viewed some of the recent studies concerning the role of
phenolic metabolites in the interactions between economi-
cally important boreal forest tree species and their patho-
gens. Our aim was to identify gaps in our knowledge, and
to point out some central questions for the future studies
using the recent techniques in molecular biology, micro-
scopy, and chemical analyses.
Scope of the review and limitations of the
literature covered
In this review, the main focus was on soluble phenolics
with relatively low molecular weight, and only specific as-
pects about larger phenolic molecules have been included.
It is, however, important to keep in mind that in the context
of pathogen defence these larger molecules, such as lignin,
which is composed of phenolic units, and suberin, which
can contain up to 50% phenolic material, play a significant
role (e.g., Woodward 1992). The literature covered was re-
stricted to a selection of papers published mainly during the
last 10 years, dealing with coniferous and deciduous tree
species that dominate the tree layers of boreal forests, in-
cluding representatives of the genera Pinus (pines; including
Austrian pine (Pinus nigra), native to southern Europe and
western Asia), Picea (spruce), Betula (birch), Populus
(poplar), and Salix (willow). Because our literature review
was limited, our conclusions cannot be extended to all
temperate zone woody plants. However, the selected
literature draws attention to several interesting topics. Ar-
ticles were selected from the database of ISI Web of Knowl-
edge (Food Science and Technology Abstracts, Web of
Science, BIOSIS Previews, CAB Abstracts) by conducting
searches that combined the scientific names of the selected
tree and pathogen species with the keywords ‘‘resistance’’
or ‘‘defense–defence’’ and ‘‘phenolics’’. Abstracts and refer-
ence lists of over 200 publications were studied in greater
detail. Within the sections that follow, the literature con-
cerning conifers is described first, followed by literature
concerning angiosperms. For an overview, a set of represen-
tative studies was organized according to tree taxonomy,
phenolic compound and compound class, studied plant
organ, pathogen species, and role of the studied phenolics
in resistance. Studies were divided into three categories:
those that address constitutive compounds (Table 1); those
that address pathogen-induced compounds (local or sys-
temic; Table 2), and those that present in vitro effects of
phenolics on pathogens (Table 3).
Phenolic metabolites and resistance of
northern trees to pathogens
In this section, the possible involvement of constitutive
(preformed) and inducible phenolic metabolites in the de-
fense of northern forest trees against fungal pathogens, the
most important group of tree pathogens, is discussed. Here,
we assume that field studies correlating phenolic concentra-
tions with pathogen frequencies deal mainly with constitu-
tive concentrations of phenolics. However, we do recognize
that several defensive chemicals that are present at measura-
ble concentrations before a pathogen attack can be induced
by an attack (‘‘phytoanticipins’’ sensu VanEtten et al.
1994), and that it is difficult to separate the constitutive and
induced concentrations because the induction history of trees
in field studies is unknown. Thus, we use the group labels
‘‘constitutive’’ and ‘‘induced’’ in a pragmatic way, bearing
in mind that the biological basis for these groupings may be
imprecise.
Constitutive phenolics
Pines and spruces contain a variety of secondary metabo-
lites, including resin acids, terpenes, and phenolics, all of
which have been implicated in resistance against natural en-
emies (Honkanen et al. 1999; Sallas et al. 2001). In Scots
pine (Pinus sylvestris), the stilbenes pinosylvin (PS) and pi-
nosylvin monomethylether (PSME) occur constitutively in
the heartwood. These chemicals are likely involved in the
considerable resistance of pine heartwood against fungal
colonization, probably as a result of their dual activity as
fungicides and antioxidants (Bergstro ¨m et al. 1999; Schultz
and Nicholas 2000; Vena ¨la ¨inen et al. 2003). Flavonoids,
such as taxifolin and its glucoside, occur constitutively in
Scots pine phloem tissues and have been related to reaction
efficiency against the bark beetle associated fungi Ophios-
toma brunneo-ciliatum and Leptographium wingfieldii
(Lieutier et al. 1996; Bois and Lieutier 1997). The phloem
of Picea spp. also contains stilbenes such as astringin and
isorhapotin, acetophenone picein, and flavonoids such as
taxifolin glucoside and (+)-catechin (e.g., Lieutier et al.
2003). High constitutive concentrations of isorhapontin have
been related to enhanced Norway spruce (Picea abies) re-
sistance to the blue-stain fungus Ceratocystis polonica, and
high constitutive phenol diversity has been proposed as a
potential predictor of resistance (Brignolas et al. 1998;
Lieutier et al. 2003). In Sitka spruce (Picea sitchensis), no
consistent correlation between constitutive concentrations of
bark stilbene glucosides and resistance to colonization by
the root- and butt-rot fungi Heterobasidion annosum and
Phaeolus schweinitzii was found by Toscano Underwood
and Pearce (1992). The authors suggested that the principal
role of bark stilbenes may be nonspecific protection, which
may contribute to resistance against unspecialized pathogens
(see also Pearce 1996b).
Birches and Salicicaceae species (Populus spp., Salix
spp.) are economically valuable deciduous trees for large-
scale commercial exploitation in northern forests. In birch,
the major group of leaf phenolics is composed of tannins,
especially condensed tannins (proanthocyanidins), which
may constitute over 10% of the dry mass. Birches are also
rich in hydrolysable tannins (gallotannins), phenolic gluco-
sides, flavonoids, and triterpenoids (Salminen et al. 2001;
Riipi et al. 2002). Leaf tissues in poplars and willows are
mainly characterized by low molecular weight phenolic glu-
cosides and condensed tannins (Hakulinen et al. 1999; Osier
and Lindroth 2001).
The constitutive methanol-soluble phenolics, such as the
flavan-3-ol (+)-catechin, have been studied as potential
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Tree Pathogen Phenolic compounds
a
Type of
phenolics
b
Plant part or
tissue
Analysis
method
c
Role in
resistance
d Reference(s)
Pinus sylvestris Coniophora puteana PS, PSME S Heartwood HPLC + Vena ¨la ¨inen et al. 2003
Ophiostoma brunneo-ciliatum Taxifolin F Phloem HPLC, TLC + Lieutier et al. 1996
Taxifolin glucoside F –
p-Coumaric acid esters HCA –
Acetophenone glycoside AcPh –
Leptographium wingfieldii Taxifolin glycoside F HPLC + Bois and Lieutier 1997
Picea abies Ceratocystis polonica Isorhapotin S HPLC – Brignolas et al. 1998;
Lieutier et al. 2003
Astringin S n
Picein AcPh n
Taxifolin glycoside F n
(+)-Catechin F n
Sirococcus conigenus Picein AcPh Needles HPLC + Bahnweg et al. 2000
(+)-Catechin F +
Picea sitchensis Heterobasidion annosum,
Phaeolus schweinitzii
Isorhapotin S Bark HPLC n Toscano-Underwood
and Pearce 1992
Astringin S n
Populus tremuloides Phellinus tremulae Benzoic acid PhA Stem (galls) GC, MS, NMR,
TLC, FT-IR, FC
+ Pausler et al. 1995
p-Hydroxybenzoic acid PhA n
Trans-cinnamic acid HCA n
p-Hydroxycinnamic acid HCA n
Naringenin F n
7’-Methyl-3-hydronaringen F n
Taxifolin F n
Salix myrsinifolia Melampsora sp. (+)-Catechin F Leaf HPLC (+) Hakulinen et al. 1999;
Hakulinen and
Julkunen-Tiitto 2000
Luteolin-7-glucoside F n
Chlorogenic acid HCA (+)
Salicin SaD (+)
Salicortin SaD n
aPS, pinosylvin; PSME, pinosylvin monomethylether.
bPhA, phenolic acids (C6-C1); AcPh, acetophenone (C6-C2); HCA, hydroxycinnamic acids (C6-C3); S, stilbenes (C6-C2-C6); F, flavonoids (C6-C3-C6); SaD, salicin derivatives; PP, polyphenolics.
cHPLC, high performance liquid chromatography; TLC, two-dimensional thin-layer chromatography; GC, mass chromatography; MS, mass spectrometry; NMR, nuclear magnetic resonance; FT-IR, Fourier
transform infrared spectrometry; FC, flash chromatography.
d+, high constitutive concentrations related to enhanced resistance; –, low constitutive concentrations related to enhanced resistance; (+) high constitutive concentrations related in some cases to enhanced
resistance; n, no role in resistance.
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aTable 2. Examples of pathogen induced responses in phenolic compounds in selected timber and landscape trees.
Host Pathogen Induced phenolics
a
Type of
phenolics
b Response
c
Analysed plant part
or tissue
d Analysis method
e Reference(s)
Pinus sylvestris Heterobasidion annosum PS, PSME S + L (roots),
S (needles)
HPLC, Bonello et al. 1993
Lignin PP + L (roots) Spectrophotometry
Catechin F –
Heterobasion parviporum PS, PSME S + L (stem and root
sapwood)
HPLC,
histochemistry
Johansson et al. 2004
Ophiostoma
brunneo-ciliatum
PS, PSME S + L (stem phloem) HPLC, TLC Lieutier et al. 1996
Pinocembrin F +
p-Coumaric acid esters HCA –
Acetophenone glycoside HCA –
Taxifolin F +/–
Taxifolin glicoside F +/–
Leptographium wingfieldii PS, PSME S + HPLC Bois and Lieutier 1997
Pinocembrin F +
Taxifolin F +
Pinus nigra Sphaeropsis sapinea
(=Diploidia pinea)
PS, PSME S + L (stem phloem),
S (stem phloem)
HPLC Bonello and Blodgett
2003
Taxifolin-like compound F +
Ferulic acid PhA –
Taxifolin F + L (stem phloem)
Naringenin-like compound F +
Lignin PP +
Catechin-like compound F –
Feruric acid glucoside PhA –
Picea abies Ceratocystis polonica Isorhapontigenin S + L (stem phloem) GC, MS Viiri et al. 2001
Stilbene glycosides S –
(+)-Catechin F + HPLC Brignolas et al. 1998
Gremmeniella abietina Phenolic acids PhA + L (branch phloem) HPLC,
spectrophotometry
Cvikrova ´ et al. 2006
p-Coumaric acid HCA +
Lignin PP +
p-Hydroxybenzoic acid PhA + S (branch phloem)
Sirococcus conigenus (+)-Catechin F + L (needles) HPLC Bahnweg et al. 2000
Picein AcPh +
Isorhapontin S +
Astringin S +
Kaempferol-3-glucoside F +
Pythium dimorphum Lignin PP + L (root cortex) Histochemistry Børja et al. 1995
Populus tremuloides Entoleuca mammata Lignin-like phenolics PP + L (stem phloem) Bucciarelli et al. 1999
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amarkers for relative susceptibility of willows to Melampsora
rusts (Hakulinen 1998). In greenhouse cultivated Salix myr-
sinifolia clones, high constitutive concentrations of (+)-cate-
chin seemed to be linked to expression of rust resistance
(Hakulinen et al. 1999). (+)-Catechin is a building block of
condensed tannins, which have been found to correlate neg-
atively with the frequency of Melampsora amygdalina rust
on clones of Salix triandra, a willow species that is charac-
terized by high constitutive concentration of condensed tan-
nins (Hja ¨lte ´n et al. 2007a; see also the section Induced
phenolics for information about induction of catechin in wil-
lows). In a 3 year field study, however, the association be-
tween concentration of (+)-catechin (or other phenolics) and
rust frequency in Salix myrsinifolia clones was not evident
(Hakulinen and Julkunen-Tiitto 2000).
Varying relationships have also been found between other
pathogens and phenolics of northern deciduous trees. Trem-
bling aspen (Populus tremuloides) bearing black stem galls
was less likely to be damaged by Phellinus tremulae heart-
wood rot than non-gall-bearing trees (Crane et al. 1994).
The galls are rich in benzoic acid, a low molecular weight
phenolic (Pausler et al. 1995). Benzoic acid may be fungi-
static itself, but it may also serve as a precursor for salicylic
acid, which is involved in the induction of systemic resist-
ance and hypersensitive response in plants (Ollerstam and
Larsson 2003). In addition, quantitative differences in phe-
nolic profiles of two aspen species (two hybrid aspen and
two European aspen clones) were found to correlate well
with the resistance of these species to aspen shoot blight
(caused by Venturia tremulae) during one growth season
(Freiwald 2008). However, altered concentrations of salicin
derivatives and phenolic acids in hybrid aspen lines carrying
antisense constructs of MYB genes were not accompanied
by clear-cut alterations in the infection frequency of Ventu-
ria macularis (in vitro tests with incised leaves) (Witzell et
al. 2005). In addition, the sapwood of willows and birches is
highly susceptible to decay-causing fungi (Highley 1995;
Schultz and Nicholas 2000), suggesting that the constitutive
chemicals in the wood of these trees do not provide an ef-
fective defense against decay fungi.
In summary, the cited literature reveals that in most cases
the role of preformed phenolics in the resistance of trees to
pathogens has remained unclear (Table 1). Correlations be-
tween phenolic concentrations and disease symptoms in the
field are not likely to be reliable unless confirmed by sys-
tematic, long-term studies. The lack of consistent correla-
tions between constitutive phenolics and resistance of trees
to pathogens indicates that the primary function of these
compounds in trees may not be as directly fungitoxic com-
pounds. Instead, they may contribute to resistance indirectly.
For instance, some low molecular weight phenolic com-
pounds may function as precursors for other defensive com-
pounds (e.g., lignin; Bonello et al. 2003), or they may confer
resistance as a group, rather than as individual compounds
(Wallis et al. 2008). To better understand the role of phe-
nolics in resistance of trees to pathogens, more studies that
explore such possibilities are needed. It is also important to
note that in addition to phenolics, or instead of them, terpe-
noids (and other metabolites) can be significant defenses
against pathogens in many tree species. In the future, meta-
bolic profiling may bring new information about the relative
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# 2008 NRC CanadaTable 3. Effect of phenolic compounds on in vitro growth of forest-tree pathogens in selected studies.
Pathogen Main host(s) Phenolic compoundsa
Type of
phenolicsb Mediac
Growth
inhibitiond Reference
Heterobasidion annosum Pinus, Picea PS, PSME S L + Bonello et al. 1993
Vanillin –
Catechin F –
Isorhapontin S MA – von Beyer et al. 1993
‘‘soluble phenolics’’ L – Evensen et al. 2000
(+)-Catechin F –
Trans-resveratrol S –
p-coumaric acid HCA MA + Tomova et al. 2005
(-)-Epicatechin F +
p-Hydroxybenzoic acid PhA SD
4-Hydroxyacetophenone AcPh SD
Piceatannol S SD
Protocatechuic acid PhAc SD
(+)-Catechin F SD
Ferulic acid HCA NM/ + Asiegbu 2000
p-Coumaric acid HCA L +
Caffeic acid HCA +
Phaeolus schweinitzii Isorhapontin S MA + von Beyer et al. 1993
Fomotsis pinicola Isorhapontin S MA + von Beyer et al. 1993
Fusarium avenaceum Ferulic acid HCA NM/ + Asiegbu 2000
p-Coumaric acid HCA L +
Caffeic acid HCA +
Trametes versicolor Isorhapontin S MA – von Beyer et al. 1993
Armillaria ostoyae Isorhapontin S MA – von Beyer et al. 1993
Ceratocystis polonica Picea abies soluble
phenolics
L + Evensen et al. 2000
(+)-Catechin F –
Trans-resveratrol S –
Ophiostoma penicillatum Picea abies soluble
phenolics
L + Evensen et al. 2000
(+)-Catechin F –
Trans-resveratrol S –
Ophiostoma piceaperdum Resveratrol S MA + Salle ´ et al. 2005
(+)-Catechin F –
Ophiostoma bicolor Resveratrol S MA + Salle ´ et al. 2005
(+)-Catechin F –
Sphaeropsis sapinea
(=Diploidia pinea)
PS S WA + Blodgett and Stanosz
1998
Tannic acid PP –
Gremmeniella abietina PS S MA – Seppa ¨nen et al. 2004
Resveratrol S –
Phellinus tremulae Populus Benzoic acid PhA CA + Pausler et al. 1995
p-Hydroxybenzoic acid PhA –
Trans-cinnamic acid HCA –
p-Hydroxycinnamic acid HCA –
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# 2008 NRC Canadaimportance of the different types of chemicals in resistance
to pathogens. Moreover, molecular biology may provide
new possibilities for targeted alterations in phenolic profiles
of tree genotypes (cf. Witzell et al. 2005). By methodically
testing such genotypes against an array of pathogens with
varying modes of parasitism (biotrophs, necrotrophs), new
information about the importance of individual constitutive
phenolics for resistance of forest trees can be gained. In-
creasing attention needs to be given to the spatial aspects,
i.e., compartmentalization of constitutive phenolics and their
localization in relation to active pathogen structures (Mari-
nova et al. 2007). For instance, although Tegelberg et al.
(2001) found no connection between birch leaf flavonoids
(extracted from macerated leaf samples) and the frequency
of birch leaf rust, Valkama et al. (2005) reported significant
negative correlations between the flavonoid aglycons on
birch leaf surfaces and rust uredia. Techniques like in
vivo histochemistry with confocal laser scanning micro-
scopy (CLSM) should be valuable in such studies. This
technique allows the identification of chemical components
using their specific fluorescence characteristics, on the
basis of their absorbance and emission behaviour. CLSM
is particularly advantageous, since it permits the creation
of three-dimensional images of thick samples. Thus,
CLSM could be used to study the three-dimensional distri-
bution of phenolic compounds around infection sites, or to
obtain information about the subcellular localization of
phenolic compounds (Hutzler et al. 1998).
Induced phenolics
In the context of induced defense mechanisms, many
plant phenolics are thought to serve as phytoalexins, induced
structural barriers, modulators of pathogenicity, and signal-
ling molecules (Hammerschmidt 2005). Examples of phe-
nolic metabolites related to induced defense of forest trees
against fungi, as well as their suggested role in tree resist-
ance, are summarized in Table 2. In the next paragraphs, re-
sults of selected, representative investigations are presented
in greater detail.
Among the conifer phenolics, stilbenes have been most
frequently studied in the context of induced resistance to
pathogens. In Scots pine, the stilbenes PS and PSME, and
several flavonoids often accumulate locally in the reaction
zone after fungal infection (Lieutier et al. 1996; Bois and
Lieutier 1997) and can be induced systemically in the nee-
dles (Bonello et al. 1993). These compounds were induced
by different challenges (e.g., by wounding), indicating that
the response was nonspecific. Quantitative modifications of
the stilbene profile in Norway spruce trees after inoculation
with Ceratocystis polonica have been reported, e.g., by Viiri
et al. (2001). The concentrations of individual stilbene gly-
cosides in the phloem decreased, while the concentration of
the stilbene aglycone isorhapontigenin increased after inocu-
lation, probably in response to b-glycosidase production by
the fungus. Similar changes in the stilbene profile were pro-
duced by mechanical wounding, again suggesting a nonspe-
cific response. In the same pathosystem, induced reactions
Table 3 (concluded).
Pathogen Main host(s) Phenolic compoundsa
Type of
phenolicsb Mediac
Growth
inhibitiond Reference616263626636
Narigenin F –
7-Methyl-3-hydroxynaringen F –
Aromadendrin F –
Taxifolin F –
PS S + Seppa ¨nen et al. 2004
Resveratrol S –
Hypoxylon mammatum Catechol TLC + Kruger and Manion
1994
Salicortin SaD +
Salicin SaD +
Piptoporus betulinus Betula PS S MA + Seppa ¨nen et al. 2004
Resveratrol S –
Inonotus obliquus PS S +
Resveratrol S –
Pycnoporus cinnabarinus PS S +
Resveratrol S –
Pyrenopeziza betulicola PS S +
Resveratrol S –
aPS, pinosylvin; PSME, pinosylvin monomethylether.
bPhA, phenolic acids (C6-C1); AcPh, acetophenones (C6-C2); HCA, hydroxycinnamic acids (C6-C3); S, stilbenes (C6-C2-C6); F, flavonoids (C6-C3-C6), SaD,
salicin derivatives; PP, polyphenolics.
cL, liquid medium; MA, malt agar; NM, Norkran’s minimal medium; WA, water agar; CA, carrot agar; TLC, thin layer chromatography bioassay.
d+, compound inhibited fungal growth; –, compound did not affected or enhanced fungal growth; SD, strain-dependent reaction.
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terized by an increase in (+)-catechin concentrations, which
was associated with an increase in tree resistance (Brignolas
et al. 1998; Lieutier et al. 2003). However, no significant
changes in isorhapontigenin or stilbene glycosides concentra-
tions were found. In a recent study, Blodgett et al. (2007)
found no correlation between the length of challenge lesions
and PSME and concluded that stilbenes may not play a signif-
icant role in induced resistance against Sphaeropsis sapinea.
Johansson et al. (2004) compared the induced responses of
Scots pine and Norway spruce after infection with the white
rot fungi Heterobasidion annosum and Heterobasidion parvi-
porum. Peroxidase activity was initially higher in spruce sap-
wood than in pine, but within 3 days of incubation the
activity in spruce disappeared concurrently with deepening
necrosis. In pine, there was a significant increase in peroxi-
dase activity, and the inoculation with the two fungal species
increased the amounts of PS, PSME, other phenolics, and
resinous compounds. Peroxidases use the phenolic precursors
for polymerizing and cross-linking reactions, which may re-
tard further hyphal penetration (Perez et al. 2002 and refer-
ences therein). Thus, the difference in oxidative metabolism
that involves phenolics may contribute to the high resistance
level of pine against Heterobasidion parviporum.
In Norway spruces infected with the ascomycete Gremme-
niella abietina, the causal agent of stem canker and shoot
dieback, accumulations of lignin, soluble and cell-wall-
bound phenolics, and increased total peroxidase activity
were observed in bark tissues collected at the infection site
(Cvikrova ´ et al. 2006). Furthermore, pronounced accumula-
tions of ester- and glycoside-bound benzoic acid derivatives
were found in regions of infected branches that were not in
contact with the pathogen, suggesting a systemic induction
of phenylpropanoid metabolism (cf. Bonello et al. 2006;
Blodgett et al. 2007). Evidence for the role of bark-associ-
ated phenolics in induced defense has also been gained
from studies concerning polyphenolic parenchyma (PP) cells
and conifer resistance (Franceschi et al. 2000, 2005). The PP
cells are found constitutively in the secondary phloem of
Pinaceae species, and after wounding or pathogen attack
they release phenolics at the wound site (Franceschi et al.
1998, 2000; Hudgins et al. 2003; Krekling et al. 2004). Pre-
tereatment inoculations of Norway spruce with Heterobasi-
dion annosum, Nectria fuckeliana, and pathogenic
Ceratocystis polonica isolates, causal agents of phloem ne-
crosis, induced resistance against a subsequent mass inocula-
tion with a pathogenic Ceratocystis polonica isolate and
provided better protection than pretreatment with a non-
pathogenic isolate of Ceratocystis polonica or malt agar
(Krokene et al. 1999, 2001). Thus, necrosis that involves ox-
idation and polymerization of phenolic compounds seems to
be important in priming the induction of resistance in Nor-
way spruce. In Scots pine, on the other hand, induction of
resistance was also found after mechanical wounding that
only caused limited necrosis (Krokene et al. 2000). Thus,
the involvement of phenolics in the initiation of induction
may differ between pines and spruces.
The induction of phenolics by pathogens may occur
locally, in tissues surrounding infection sites, but also sys-
temically, in distal parts of a tree. While many studies have
demonstrated that induction of phenolics occurs at a local
scale (e.g., Krokene et al. 1999; Evensen et al. 2000; Fran-
ceschi et al. 2000), several recent studies have also found
evidence for systemic induction of soluble low molecular
weight phenolics and lignin (e.g., Bonello and Blodgett
2003; Bonello et al. 2006; Wallis et al. 2008). The activa-
tion of phenolic metabolism and the accumulation of certain
phenolics appear to be commonly associated with the phe-
nomenon referred to as systemic induced resistance to
pathogens (SIR). SIR refers to a response in which an initial
infection (or treatment with an inducing chemical agent) of
a certain part of a plant leads to the activation of resistance
mechanisms in distal parts of the same plant, thereby in-
creasing the plant’s resistance to subsequent infections (e.g.,
Bonello et al. 2006). Because of its great potential for sus-
tainable disease control, SIR has been actively studied in
herbaceous plant species and, in recent years, also in trees
(Hammerschmidt 2003 and references therein). The studies
with conifers clearly demonstrate that inducing treatments
cause alterations in the concentrations of total phenolics, lig-
nin, hydroxycinnamic acids, flavonoids, and stilbenes, but
the direction and magnitude of these changes seem to vary
depending on the compound, pathogen, host (species, age,
plant part), and environment (Bonello and Blodgett 2003;
Blodgett et al. 2005; Bonello et al. 2006; Wallis et al. 2008).
Studies with angiosperm trees have provided little evi-
dence to support the hypothesis that induced low molecular
weight phenolics play an active role in resistance to patho-
gens. For instance, one study reported accumulations of
benzoic acid in trembling aspen trees bearing black stem
galls (Pausler et al. 1995), but the compound’s role in resist-
ance to Phellinus tremulae heartwood rot remained unclear.
In willows, leaf rusts induced changes in (+)-catechin metab-
olism (Hakulinen and Julkunen-Tiitto 2000), suggesting a
mechanistic relationship between (+)-catechin and rust infec-
tion (Hakulinen et al. 1999). One such mechanism could be
related to the role of (+)-catechin as a precursor of con-
densed tannins, for which antimicrobial activity via protein
precipitation and iron depletion has been suggested (Scalbert
1991).
Like catechins, other phenolics with relatively low molec-
ular weight, such as hydroxycinnamic acids, may act as pre-
cursors for larger molecules. Both in angiosperms and
gymnosperms, the most important phenolic polymers in this
context are lignin (Woodward 1992; Børja et al. 1995;
Bonello and Blodgett 2003) and suberin (Pearce 1996a; Ber-
nards 2002). Bucciarelli et al. (1999) compared histochemi-
cal responses in stem tissues of resistant and susceptible
aspen genotypes inoculated with Entoleuca mammata, the
causal agent of hypoxylon canker. In the resistant poplar
clone the infection was first limited by the formation of an
intact, lignified local zone around the infection site, and
afterwards by development of a wound callus rich in phe-
nolic substances. The susceptible genotype was impaired in
its ability to mount these responses. These results suggest
an important role of lignification in the defense strategy of
aspen against E. mammata. The importance of lignification
and suberization in defense and resistance has also been
pointed out in studies with other angiosperms, such as elms
(Rioux and Ouellette 1991; Martı ´n et al. 2005a, 2005b,
2007). For instance, in elms infected with the Dutch elm
disease pathogen, formation of suberized parenchyma cells
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ing the pathogen spread (Martı ´n et al. 2005b).
Although the induction of low molecular weight phenolics
in trees after pathogen attack seems to be common, the rela-
tionship between phytoanticipin phenolics and resistance of
trees to pathogens has often remained unclear (Blodgett et
al. 2005; Bonello et al. 2006). Novel experimental and ana-
lytical approaches should be useful in further studies on this
topic. The use of plant material of a priori unknown suscept-
ibility may lead to small differences in disease reactions
(Lieutier et al. 1996). In such cases it is difficult to ascertain
the relevance of phenolics in terms of resistance. Studies on
tree species that are amenable to vegetative propagation
(e.g., Betulaceae and Salicaceae species) should use previ-
ously tested genotypes with contrasting or different degrees
of disease susceptibility. If clonal propagation is not possi-
ble, the studied population has to be large enough to obtain
a wide gradient of resistance level. An alternative to tradi-
tional screening methods is the use of signalling phyto-
hormones (such as ethylene, jasmonates, or salicylic acid)
that regulate plant defense responses (Hudgins and France-
schi 2004). Exogenously applying jasmonic or salicylic acid
to certain conifers induces swelling of existing polyphenolic
parenchyma cells, an increase in their phenolic contents, and
the formation of additional PP cells and of traumatic resin
ducts at the cambial zone (Franceschi et al. 2002; Hudgins et
al. 2004; Zeneli et al. 2006). These phytohormones can be
used to manipulate the biochemistry and anatomy of host
trees and then to test their resistance to attack by pathogens
and insects (e.g., Erbilgin et al. 2006; Zeneli et al. 2006).
We may also have to reevaluate the actual mode of action of
phenolics. Like constitutive phenolics, the role of induced
phenolics may be strongly linked to their oxidative capacity.
In a recent study, Ruuhola et al. (2008) found that oxidation
of phenolics could be the actual mechanism explaining the
rapidly induced resistance in mountain birch (Betula pubes-
cens spp. czerepanovii) against defoliating autumnal moths.
The same mechanism could be important in induced defense
of trees against pathogens as well. This aspect is of particular
interest considering that the speed of the host response is
probably a crucial factor in determining the relative resist-
ance among host genotypes. In future studies, simultaneous
application of metabolomics and proteomics approaches
(van Wijk 2001; Fiehn 2002) could be used to clarify
whether oxidative reactions can explain the versatile re-
sponses of tree secondary metabolism in response to patho-
gen attacks.
Antifungal activity of phenolic metabolites (in vitro
effects)
Results of recent studies that used in vitro tests for evalu-
ating the effect of phenolic compounds against forest patho-
gens are summarized in Table 3. In vitro tests are frequently
used to complement studies with intact plant–parasite inter-
actions. However, the biological significance of any infor-
mation obtained from artificial systems has to be interpreted
with caution, since the effect of plant chemicals against
fungi in vitro may differ considerably from their effect or
mode of action in vivo, and vice versa. For instance, in spite
of the evidence relating high constitutive or inducible (+)-
catechin concentrations to tree resistance (see above), this
compound has shown low antifungal effect against a broad
range of pathogens (Heterobasidion annosum, Ophiostoma
penicillatum, Ceratocystis polonica, Ophiostoma piceaper-
dum, and Ophiostoma bicolour) (Evensen et al. 2000; Salle ´
et al. 2005). Furthermore, Heterobasidion annosum is re-
portedly capable of catabolizing (+)-catechin very efficiently
in vitro (Bonello et al. 1993).
Microenvironment and nutritional factors inside the plant
tissues may affect fungal growth and a fungus’s ability to
overcome chemical defense mechanisms. Asiegbu (2000)
provided evidence that cell-wall carbohydrates are important
for the in vivo survival of fungi during initial stages of in-
fection. He showed that cell-wall phenolics (ferulic acid,
caffeic acid, and p-coumaric acid) inhibited growth of Het-
erobasidion annosum and Fusarium avenaceum, but the tox-
icity of these phenols was reversed in the presence the
exogenously added cell-wall sugars glucose, fructose, su-
crose, and cellobiose. The observation that carbohydrates
from plant cells can restore active fungal growth suggests
that this could be one of the ways these necrotrophs are
able to compete with a plant’s defense, and this strategy is
probably advantageous for their parasitic mode of nutrition.
Pine stilbenes PS and PSME showed strong antifungal ac-
tivity against Heterobasidion annosum (Bonello et al. 1993)
and could be thus strictly considered as phytoalexin-like
compounds. On the other hand, Evensen et al. (2000) found
that Heterobasidion annosum was not negatively affected by
any concentration of spruce phenolics. Furthermore, its
growth was stimulated by the higher concentrations, sug-
gesting that it was able to use spruce phenolics as sources
of carbon. The stilbene isorhapontin showed antifungal ac-
tivity against the brown-rot fungi Phaeolus schweinitzii and
Fomitopsis pinicola, while it was ineffective against the
white rot fungi Heterobasidion annosum, Trametes versi-
color, and Armillaria ostoyae (von Beyer et al. 1993).
Among the different phenolics extracted from aspen black
galls (Table 3), only benzoic acid showed antifungal activity
against Phellinus tremulae (Pausler et al. 1995). Bioassays
showed that the minimum inhibitory concentration of ben-
zoic acid against Phellinus tremulae is within the range
800–1000 ppm, but the in vivo concentration of benzoic
acid in galled trees was only about 90 ppm. Although the
amount of benzoic acid in gall-bearing trees was insufficient
to prevent fungal development, the role of benzoic acid as a
salicylic acid precursor was suggested as a possible indirect
cause of resistance. The aspen phenolics catechol, salicortin,
and salicin were found to be inhibitory to Hypoxylon mam-
matum (Kruger and Manion 1994).
The divergent results from various in vitro tests indicate
that the antifungal effectiveness of phenolics is highly com-
pound specific and that there is species-specific variation in
the sensitivity among fungi. In general, pathogens are likely
to be highly adapted to the quality and quantity of phenolics
of their hosts. For instance, Seppa ¨nen et al. (2004) showed
that decay fungi of deciduous trees were more sensitive in
vitro to high concentrations of PS, compared with decay
fungi of conifers. However, Pyrenopeziza betulicola, a birch
leaf spot pathogen, was relatively tolerant to PS (Seppa ¨nen
et al. 2004). Differences in sensitivity–tolerance are likely
to be explained by the differences in the array and activity
of enzymes among fungi. For instance, laccase-producing
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more effectively than brown-rot fungi that do not produce
laccase (von Beyer et al. 1993; Evensen et al. 2000 and
references therein). However, Seppa ¨nen et al. (2004) found
that brown-rot fungi were more sensitive than white-rot
fungi to PS in decay tests (on impregnated wood samples)
but not in agar plate tests. This example illustrates the ne-
cessity to interpret results of in vitro tests with caution.
Inherent and environmental factors
modulating phenolic concentrations —
effects on plant–parasite interactions
Variation in phenolics and resistance due to plant-
inherent factors
The genotype is a major intrinsic determinant of the de-
fensive potential of a plant. Marked intraspecific variations
in disease resistance (Elamo et al. 2000; Nagy et al. 2004),
as well as in phenolic content (Hakulinen et al. 1999; Laiti-
nen et al. 2005; Haviola et al. 2006), have been reported.
For instance, the susceptibility of Norway spruce to Cerato-
cystis polonica has been shown to be under strong genetic
control (Brignolas et al. 1998; Evensen et al. 2000). Factors
affecting spruce resistance level, such as the initial number
of polyphenolic parenchyma (PP) cells, their size, and the
density of polyphenol bodies after infection, also seem to
be under much stronger genetic than environmental control
(Krekling et al. 2004; Nagy et al. 2004). Moreover, constitu-
tive and inducible phenolics, such as (+)-catechin or taxifo-
lin, were found to vary among spruce clones of different
susceptibility to Ceratocystis polonica (Evensen et al.
2000). In Norway spruce needles, accumulation of the glu-
coside picein in response to inoculation with Sirococcus
conigenus, which causes shoot blight and cankers of various
conifers, was reported to depend on provenance (Bahnweg
et al. 2000). The phenolic content seemed to be provenance
and altitude dependent. Provenances from high altitudes
(above 1000 m a.s.l.) contained higher concentrations of
constitutive phenolics than those from low altitudes (below
500 m a.s.l.), while the low altitude provenances showed a
strong induction of phenolics in response to infection
(Bahnweg et al. 2000). This suggests that some forest trees
may show genetic trade-offs between allocation to constitu-
tive and induced phenolic responses to pathogens.
During plant development, secondary chemistry can
change considerably, concomitantly with disease resistance
level (Beare et al. 1999; Johnson and Kim 2005). In some
cases, the concentration of phenolics has been found to be
highest in young tissues and plant parts, whereas in others
opposite trends have been reported (Hakulinen and Julku-
nen-Tiitto 2000; Johnson and Kim 2005). A strong ontogeny
effect on phenolic metabolism has also been observed in the
hybrid Populus trichocarpa  Populus deltoides (Johnson
and Kim 2005). The authors suggested that phenolic com-
pounds that were likely to contribute to Melampsora medu-
sae rust immunity were present in immature leaves. In birch,
however, the main phenolic compounds were found to be
the same in both mature trees and clonal plantlets of the
same trees (Laitinen et al. 2005), and most of the variation
was explained by differences among parental trees, indicat-
ing genetic control of phenolic compounds.
To summarize, recent investigations have demonstrated
considerable inherent variation among trees in their constitu-
tive phenolic concentrations, in their induced phenolic re-
sponses to infection, and in their resistance. In most cases it
has been difficult to establish a convincing link between the
genetic variation in phenolics and resistance. This difficulty
is likely due to the modifying effects of the environment
(see below), the varying degree of physiological integrity
among branches (i.e., repeated structural modules in trees),
and the vascular sectoriality (Zanne et al. 2006) within an
individual tree (Haukioja and Koricheva 2000), as well as
the spatially and temporally dynamic development of plant–
pathogen interactions. The great variation in the concentra-
tions of individual plant phenolics in response to pathogens
and in the sensitivity of microorganisms to individual com-
pounds may act as an effective buffer against any large-
scale environmental effects on the resistance of trees at the
population level. The synchrony between the stages at which
a host plant or plant part is susceptible to infection and the
spore-producing stages of parasites often appears to be cru-
cial to the success or failure of infection, but most studies
have not been able to establish whether age-related differen-
ces in susceptibility to pathogens are a result of differences
in phenolic contents. To confirm the possible links between
ontogenic and phenological variation in phenolics and resist-
ance to pathogens in forest trees, more systematic research
on different tree–pathogen interactions is needed. In this
context, new insights can be gained by comparative analyses
of the phenolic profiles and resistance in trees that have
been genetically modified by their developmental traits (Sri-
vastava et al. 2007).
The effect of abiotic environmental factors
Natural variation in the abiotic environment (e.g., soil fer-
tility, moisture, temperature, altitude) may profoundly mod-
ify the chemical basis and outcome of interactions between
plants and their pathogens. In addition to natural environ-
mental variation, plants have to cope with a variety of hu-
man-induced environmental changes, the rate and
magnitude of which have greatly increased during the last
decades. Human-induced alterations in the abiotic environ-
ment may have a significant impact on the production and
accumulation of phenolics in trees, with concomitant
changes in the phenolic-based defense against natural ene-
mies (Pen ˜uelas and Estiarte 1998). Some of the most studied
factors in this context (especially in relation to resistance of
trees to herbivores) are fertilization, ultraviolet (UV) light,
carbon dioxide (and warming), and ozone.
Several hypotheses have been formulated to explain the
variation in plant defensive chemistry (see Stamp 2003 for
a review). Many of these hypotheses have been tested using
fertilization treatments, mainly with nitrogen (N). Both the
growth-differentiation balance hypothesis and the carbon-nu-
trient hypothesis (Bryant et al. 1983; but see also Hamilton
et al. 2001 for critics on this hypothesis) predict that N fer-
tilization decreases concentrations of phenolics in plants.
This prediction has been supported by several works (e.g.,
Gebauer et al. 1997; Hale et al. 2005; Tomova et al. 2005).
Some studies have been designed to test the links among
fertility, phenolics, and resistance to pathogens in trees.
Blodgett et al. (2005) found that susceptibility of red pine
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nin (locally and distally) and total soluble phenolics (dis-
tally) decreased following fertilization. In Austrian pine,
fertility was found to affect phenolic glycosides that were
identified as important factors in expression of SIR (Wallis
et al. 2008). Hakulinen (1998) found no increase in leaf rust
frequency in N-fertilized willows, although fertilization
tended to reduce the concentrations of phenolics in leaves.
Similarly, no effect of fertilization was found on either
phloem phenolic composition of Scots pine and Norway
spruce (Kyto ¨ et al. 1998) or on Norway spruce resistance to
Ceratocystis polonica (Kyto ¨ et al. 1996). Since individual
secondary compounds may vary considerably in their re-
sponses to N fertilization (e.g., Viiri et al. 2001) and the
anti-microbial activity also varies considerably even among
chemically closely related phenolics (Weidenbo ¨rner and Jha
1994), it is likely that the consequences of N-induced
changes in phenolic profiles to the resistance to pathogens
in trees vary widely. The effect of N addition on tree resist-
ance through altered phenolic metabolism may remain negli-
gible in forests with high inherent variation among trees and
soil nutrient status. However, the tendency of N to reduce
concentrations of defensive phenolics in trees may be ampli-
fied by intensive silviculture methods, such as repeated fer-
tilization of young Norway spruce stands (Bergh et al.
2005), especially if the stand is genetically homogenous.
An increased CO2 level in the atmosphere is often ex-
pected to result in enhanced synthesis and accumulation of
carbon-based secondary metabolites in plants (Gebauer et
al. 1997; Pen ˜uelas and Estiarte 1998). However, the re-
sponses of phenolic metabolism to CO2 vary considerably
among tree species, individual phenolic metabolites, and ex-
perimental conditions (Heyworth et al. 1998; Sallas et al.
2001; Percy et al. 2002). Meta-analysis is a tool that has
been increasingly used to uncover general trends behind
conflicting results from empirical studies (Leimu and Kori-
cheva 2004). For instance, Stiling and Cornelissen (2007)
and Veteli et al. (2007) used meta-analysis to study CO2-
mediated changes on phenolics in plants. Their analyses
showed that the concentrations of phenolics indeed in-
creased due to CO2 enrichment. In contrast, the meta-analy-
sis of Zvereva and Kozlov (2006) showed that
concentrations of phenolics tended to decrease at elevated
temperature, which is often associated with CO2 enrichment.
However, while the effects of CO2 enrichment or warming
on defensive phenolics and herbivores of trees have been ex-
tensively studied, alterations in resistance to pathogens have
rarely been systematically tested. Hence, it is difficult to
predict the consequences of altered phenolic status in trees
under warming or CO2 enrichment on pathogens. Because
of the complex physiological feedbacks in plants and be-
cause of the direct effects of CO2 and warming on the
pathogens it may not be realistic to expect general patterns.
Stratospheric ozone (O3) protects living organisms against
harmful UV radiation, but increased tropospheric O3 can be
phytotoxic. O3 has the potential to react with diverse cell
constituents to yield active oxygen species, which can be
toxic for plant cells or may activate defensive responses in
plants, such as programmed cell death (Sandermann 2000
and references therein; Baier et al. 2005). Effects of elevated
O3, alone and in combination with elevated CO2, on tree
leaf chemistry have been recently reviewed by Valkama et
al. (2007) using a meta-analysis approach. They found that
concentrations of phenolics were increased by 16% in re-
sponse to O3 levels that were 1.5 times higher than the am-
bient level. Despite the observed increase in phenolic
compounds, exposure to O3 has been found to alter the sus-
ceptibility of plants to pathogens in different ways (Beare et
al. 1999; Percy et al. 2002). In Scots pine seedlings, for ex-
ample, Chiron et al. (2000) found that induction of stilbene
synthase and PS methyltransferase genes following wound-
ing or L. wingfieldii inoculation, in conjunction with O3
stress, depended on the ozone concentration. Pretreatment
with O3 at 0.15 mLL–1 decreased the transient induction of
these genes following wounding or fungal inoculation,
whereas 0.3 mLL–1 prolonged the induction over 2 weeks.
This suggests that the physiological responses to O3 may
have dynamic thresholds, thereby complicating the predic-
tion of O3 effects on plant metabolism. In young Sitka
spruce (Picea sitchensis) and Norway spruce trees, there is
no evidence of a link between the effects of O3 exposure on
stilbene glucoside concentrations and resistance to Hetero-
basidion annosum (Pearce and McLeod 1995; Pearce
1996b). This suggests that stilbene glucosides may not deter-
mine the resistance to this fungus in spruce (see also To-
scano Underwood and Pearce 1992). Interestingly, in a
semi-axenic study on the Scots pine – Heterobasidion anno-
sum system, Bonello et al. (1993) found that O3 induced
variable effects on the concentrations of soluble and wall-
bound phenolics, but these effects were pathogen dependent,
i.e., O3 alone did not cause changes in their concentrations.
Thus, the consequences of O3 enrichment on the resistance
of trees to pathogens may not be readily explained by direct
O3-induced effects on phenolics.
As a consequence of human activities (including the re-
lease of O3-depleting halogens and production of greenhouse
gases) large parts of the stratospheric O3 pool have been de-
stroyed, leading to increased penetration of harmful UV-B
radiation (wavelength range 280–320 nm) to the earth. In-
duced production of UV-screening phenolics (in particular,
hydroxycinnamic acids and flavonoids) in response to UV-
B radiation may protect the cells by reducing the penetration
of UV-B radiation to the mesophyll (Julkunen-Tiitto et al.
2005). Information about the effect of UV-B radiation on
phenolics seems to be variable. In some experiments, UV-B
enhancement has had significant effects on the phenolic
metabolism of forest trees (Lavola et al. 1998; Fischbach et
al. 1999), whereas in others no significant effects have been
found (Turtola et al. 2006). In general, little is still known
about the possible phenolic-mediated effects of UV radiation
on the resistance of forest trees to pathogens. Tegelberg et
al. (2001) reported that long-term UV treatment (over three
growth seasons) of silver birch (Betula pendula) seedlings
resulted in compound-specific alterations within the phe-
nolic pool mainly during the first 2 years, while the constit-
utive concentrations were unaffected during the third year.
The cited authors did not find any UV-B effects on the num-
ber of birch leaf rust pustules per leaf area, suggesting that
the observed UV-B-induced alterations in phenolics did not
have consequences for the leaf rust resistance of birches.
The current concern about the consequences of global cli-
mate change has stimulated numerous experimental studies
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nolics have been investigated (Pen ˜uelas and Estiarte 1998;
Percy et al. 2002; Valkama et al. 2007 and references
therein). Meta-analysis has been useful in exploring the ef-
fects of environment of phenolics, and the great responsive-
ness of tree phenolic metabolism to environmental changes
is currently well demonstrated. However, only a few studies
have systematically tested the consequences of environmen-
tally induced phenolic responses on the resistance of trees to
pathogens (but see Blodgett et al. 2007). In addition, tempo-
rally limited experiments rarely allow us to study the cumu-
lative effects of environmental variations or to address the
relevance of the dynamics of pathogen populations. There-
fore, we still know relatively little about how environmen-
tally induced alterations in phenolics may affect tree
resistance to pathogens.
Fungal strategies and cell oxidative processes — keys to
understanding the role of phenolics in defense
The examples from recent literature cited above illustrate
the fact that the effects of fertilizers, air pollutants, and UV
light on the phenolic-based defenses of forest trees against
pathogens vary considerably depending on the plant genotype
and compound(s) in question. The role of phenolics in plant
resistance may remain unclear partly because of their multi-
ple functions in plants, as has been described for a particular
group of phenolics, the flavonoids (Treutter 2006). The detec-
tion of definite trends is further complicated by the fact that
the impact of the plant phenolic status may vary considerably
among pathogens with different life strategies. In addition,
the mode of parasitism (infection biology) of the fungus is
critical in determining its interaction with plant phenolics.
For instance, the mycelium of rusts is generally confined to
the intracellular spaces and releases low levels of enzymes
that degrade plant cell walls (Larous and Lo ¨sel 1993). This
mode of infection diminishes the exposure of fungal cells to
toxic concentrations of vacuole-located phenolics, such as
low molecular weight glycosides. Thus, even in the studies
with most advanced analysis techniques, a thorough under-
standing of the spatial and temporal dynamics of the particu-
lar tree–pathogen interaction in question is necessary.
One way to understand the multiple functions of phe-
nolics in plants under combined abiotic and biotic stresses
is to look at the basic cellular mechanisms that involve phe-
nolics. Several studies have indicated that the role of phe-
nolics in resistance of trees is linked to their involvement in
the oxidative processes in cells (e.g., Treutter 2006; Ruuhola
et al. 2008). In fact, the effects of abiotic and biotic factors
on phenolics and on plant resistance may be mediated by the
oxidative pressure at the cellular level. Close and McArthur
(2002) postulate that the type, distribution, and abundance of
phenolics may be explained as a response by plants to pre-
vent or minimize oxidative pressure produced from excess
light energy and to quench reactive chemical species. This
view challenges the traditionally accepted view that herbi-
vores are the crucial selective pressure for phenolics.
The mechanisms by which the phenolics and oxidative
metabolism could interact in diseased trees have not been
studied in detail. In many cases, phenolics are suggested to
act as antioxidants and thereby contribute to protection
against damage. Several phenolics can act as antioxidants
by donating electrons to guaiacol-type (class III) peroxidases
that have been implicated, for example, in lignification and
pathogen defense (Perez et al. 2002). The phenoxyl radicals
that are formed can then be reduced by the ubiquitous cell
antioxidant, ascorbate (Sakihama et al. 2002). However,
phenoxyl radicals may also exhibit pro-oxidant activity
under conditions that prolong the radical lifetime (e.g., mi-
crobial attack) and catalyze cellular DNA degradation in the
presence of transition metals, such as iron (Li et al. 2000;
Sakihama et al. 2002; Bhat et al. 2007). In plants, iron is a
ubiquitous redox-active element, and its redistribution be-
tween apoplast and cytosol has been suggested to mediate
expression of defense responses in plants (Liu et al. 2007).
Although the chemical interactions between phenolics and
iron are well documented, we are not aware of studies on
the interaction between phenolics and iron homeostasis in
forest trees attacked by pathogens. In future, studies address-
ing this particular mechanism should help us to define the
precise role of phenolics in tree resistance.
Practical applications
Practical, large-scale forest protection methods, based on
the tree’s own phenolic substances, still seem to be under
development. In principle, such methods could be based on
(1) traditional resistance breeding for phenolic characters,
(2) environmental regulation (e.g., fertilization treatments),
(3) genetic modification of phenolic metabolism, or (4) en-
hancement of phenolic metabolism in trees by treatments
with biological or chemical inducers. Currently, traditional
breeding does not appear to be an effective means of in-
creasing the phenolic-based resistance in trees, since it is la-
borious and the breeding cycle for most trees is counted in
decades. Although it is important to consider the modifying
effects of fertilizer treatments (or other environmental fac-
tors) on the phenolics and resistance of trees to pathogens,
these effects appear too unpredictable to provide reliable
methods for regulating phenolic concentrations in trees.
In recent years there has been great progress in techniques
for genetical engineering of trees. Poplar, in particular, with
its small and well-characterized genome, has become the
model system for tree molecular biology studies (Boerjan
2005; Jansson and Douglas 2007). However, improving the
resistance of forest trees to pathogens by genetically altering
their phenolic metabolism is likely to be difficult. Seppa ¨nen
et al. (2004) transferred a pinosylvin-synthase-encoding
gene from Scots pine into aspen and two hybrid aspen (Pop-
ulus tremula  Populus tremuloides) clones. The transgenic
lines expressed the transgene and showed stilbene synthase
enzyme activity in vitro, but stilbenes or their glycosides
could not be detected in the same lines. While the transgenic
aspen line showed increased resistance to decay (caused by
Phellinus tremulae), the two hybrid aspen lines showed in-
creased susceptibility. This example not only illustrates the
complex regulation of phenolic metabolism in trees, but
also underlines that the antifungal activity may not be the
main functional character of phenolics in resistance (see
above). In the context of genetic engineering of trees, it is
important to consider that modifications of primary metabo-
lism also may bring about unintentional changes in phenolic
metabolism, and that these changes may affect the resistance
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# 2008 NRC Canadaof trees to pathogens. For instance, Hja ¨lte ´n et al. (2007b)
found that overexpression of the enzyme sucrose phosphate
synthase induced unintentional changes in concentrations of
defensive phenolics. Alterations in host resistance to patho-
gens could also be expected in trees with a down-regulated
lignin pathway (Hu et al. 1999; Pen ˜a and Se ´guin 2001). In
general, the use of genetically modified trees still faces tech-
nical and ethical problems that need to be overcome before
large-scale applications are possible (Herrera 2005).
In the light of the current knowledge, it seems that the
most potential and sustainable method for exploiting the
phenolic-based defense of forest trees is through activation
of phenolic metabolism as a part of the systemic induced re-
sponse, using external agents as inducers (e.g., salicylic acid,
jasmonates, or microbes) (Bonello et al. 2001; Krokene et
al. 2001; Percival 2001; Franceschi et al. 2002; Bonello and
Blodgett 2003; Hudgins et al. 2004; Zeneli et al. 2006;
Eyles et al. 2007; Wallis et al. 2008). However, more re-
search is needed before we can fully use the potential of
phenolics in induced resistance at individual-tree, stand, and
landscape levels. Crucial topics that need to be studied fur-
ther include spatial and temporal aspects of induction, the
spectrum of effectiveness of induction, and linkages to
multitrophic interactions (cf. Eyles et al. 2007), as well as
its environmental regulation.
Concluding remarks
This review summarizes some of the recent literature
dealing with the role of phenolics in the resistance of forest
trees to pathogens. Although the selection of literature is in-
evitably restricted, leaving out several distinguished papers
and interesting issues, it should be sufficient to highlight
the central issues considered, to illustrate the research areas
that have been emphasized, and to outline current knowl-
edge on the subject. The general picture arising from the lit-
erature is that the relationship between tree phenolics and
resistance to pathogens is ambiguous. The varying results
may partly be due to the practical problems related to study-
ing tree–pathogen interactions that generally show great spa-
tial and temporal heterogeneity. Furthermore, the expression
of other types of defenses, such as terpenes or defensive
proteins, in trees complicates the interpretation of results
from targeted analyses of phenolics. In the future, some of
these problems may be at least partly overcome by crea-
tively combining advanced microscopy and metabolic fin-
gerprinting. We may also be able to increasingly use
genetically modified tree lines (e.g., poplars) in the studies.
All these possibilities should help us better understand the
regulation of phenolic metabolism in attacked and diseased
trees. Elucidating the possible role of phenolics in the sys-
temic induced response of trees (e.g., Bonello et al. 2006)
remains an exciting challenge for future studies, especially
since it may lead to practical applications such as ‘‘vacci-
nation’’ of trees against natural enemies (Christiansen and
Krokene 1999; Percival 2001; Wallis et al. 2008).
Some researchers have advocated that we should change
the way we think about the role of phenolics in plant de-
fense against herbivores (Close and McArthur 2002; Ruu-
hola et al. 2008). In parallel, we may also have to
reevaluate the traditionally expected functions of phenolics
in resistance of trees to pathogens. In tree–pathogen interac-
tions, phenolics may not only act as toxins (e.g., as phytoa-
lexins) that help to confine the infections, but they may also
provide indirect protection against the damage caused by
pathogens. This protection could be due to the activity of
phenolics as antioxidants or as modulators of the activity of
other phytochemicals (e.g., polyamines, see Martin-Tanguy
1997). Such functions may be more closely integrated with
tolerance (the capacity of the plants to adjust their physiol-
ogy to buffer the adverse effects of stress factors) (Haukioja
and Koricheva 2000) than with direct defense mechanisms.
In natural habitats, tolerance to nonlethal degrees of dis-
eases, rather than activation and maintenance of specific de-
fensive mechanisms, may be energetically preferable and
promote the ecological success of long-lived forest trees (cf.
Bonello et al. 2006). We recommend that future studies ad-
dressing the role of phenolics in tree resistance to pathogens
give increasing attention to (1) the involvement of phenolics
in oxidative metabolism, (2) the possible links between phe-
nolics and primary metabolism (tolerance to damage), and
(3) the spatial and temporal synchrony of phenolics with the
infection biology of invading pathogens.
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